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^ (57) Abstract: A vibrationaJ damping apparatus (20) with piezoelectric component (21) is engaged with a structure (22) which is to 
be vibrationally damped The piezoelectric component (21) has a pair of electrical terminals (23) and (24) for communication of a 

^ voltage across the piezoelectric material. The impedance synthesizing arrangement (25) may include an analog or digital means (26) 
for implementing a transfer function. The predefined relationship provided by the transfer function is adapted to synthesize a circait 
for passive shunting of the piezoelectric material (21). The terminals (23, 24) of the piezoeleciric component (21) are electrically 

O connected lo the impedance synthesizing arrangement (25) such that input voltage (1 1) is provide by the piezoelectric material (21) 

^ in response to vibration of the structure (22) and the output current (12) is fed to piezoelectric materia] (21) so as to vibrationally 

^ damp the structure. 
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Title: 

An Impedance Synthesising Arrangement, An Improved Vibrational 
Damping Apparatus and a Method for Deriving a Digital Signal Processing 
Algorithm. 

5 Technical Field of the Invention: 

The invention has been developed primarily for use in the field of 
piezoelectric vibrational damping and will be described hereinafter with 
reference to this application. However, it will be appreciated that the invention is 
not limited to this particular field of use. 

10 Background of the Invention: 

Prior art analog circuitry utilising components such as resistors, 
capacitors, inductors etc can suffer from a number of disadvantages such as 
excessive circuit complexity, component cost and suboptimal perfomnance if the 
- temperature of the components exceeds ordinary operating limits. 

15 It has been appreciated by the inventors of the present invention that 

such disadvantages, apply to prior art vibrational damping arrangements utilising 
passively shunted piezoelectric material. An example of such prior art is 
provided by the journal article entitled "Damping of Structural Vibrations with 
Piezoelectric Materials and Passive Electrical Networks" (N. W. Hagood and A. 

20 von Flotow. Journal of Sound and Vibration, 146 (2) 243-268), the contents of 

which are hereby incorporated in their entirety by reference. 

'? - - - 

It will be appreciated by those skilled in the art that a further disadvantage 
associated with the damping arrangement disclosed by the Hagood article is 
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that only one of the modes of vibration of the stmcture is damped. This is 
partially addressed by US Patent No. 5,783,898 which discloses an 
an^ngement which can damp more than one mode of vibration: However it has 
been appreciated by the inventors that there are a number of problems with this 
5 technique, the foremost being the complexity and size of the circuit required to 
Implement the total impedance. Typically the shunt circuits contain up to 48 
opamps for a three mode circuit and require large inductor values, which may be 
up to hundreds of Henries. The more modes that are shunted, the greater the 
number of opamps required. Virtual grounded inductors and virtual floating 
10 inductors (Riordan gyrators) are required to implement the grounded and 
floating inductor elements. These circuits are typically poor representations of 
ideal Inductors, are large in size, and are sensitive to component tolerances and 
non-ideal characteristics. 

Piezoelectric patches are capable of generating hundreds of volts for 
15 moderate structural excitations and this requires the entire shunt circuit to be 
constructed from high voltage components, with significant associated 
component cost. Further voltage limitations arise due to the internal gains in the 
virtual inductor circuits. 

Further, assuming ideal components, there is a fundamental limitation in 
20 using the blocking circuit technique taught by said US Patent. It is desired to 
design each parallel shunt branch so that it is only significant over the narrow 
frequency band of its corresponding structural resonant mode. For two mode 
damping it is sufficient to assume the current blocker circuit has little effect on 
the dynamics of the desired R-L shunt circuit around the modal frequency and 
.25 that the branch will not effect other branches designed for higher resonant 
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frequencies. For this case a 3 dB to 6 dB damping performance penalty Is 
encountered. For a three mode circuit, some or all of the branches would 
require a series combination of three current b!ocl<er circuits This would 
severely limit the damping perfonnance at each mode in comparison with single 
5 mode damping. 

Finally, the shunt circuit disclosed in US Patent No. 5^83,898 must be 
accurately tuned to each of the frequencies of the modes of vibration that are to 
be damped. As the prior art circuit componentry heats up, the circuit may 
effectively be de-tuned due to suboptimal perfomnance of the components, and 
10 the inherent tolerances in specification of components such as capacitors and 
resistors. This may result In significantly less effective damping of one or more 
modes of structural vibrations. 

Any discussion of the prior art throughout the specification should in no 
way be considered as an admission that such prior art is widely known or fonms 
15 part of common general knowledge in the field. 

Summary of the Invention: 

It Is an object of the present Invention to overcome or ameliorate at least 
20 one of the disadvantages of the prior srt, or to provide a useful alternative. 

According to a first aspect of the invention there is provided an 
impedance synthesising arrangement adapted to accept an input voltage and to 
provide a corresponding output current according to a predefined relationship 
between the input voltage and the output cunrent. 
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According to a second aspect of the invention there Is provided an 
impedance synthesising arrangement adapted to accept an input current and to 
provide a corresponding output voltage according to a predefined relationship 
between the input cun-ent and the output voltage. 

5 Preferably in either of the preceding aspects of the invention, the 

predefined relationship Is adapted to syntheslse a network of electrical 
components. 

In one pref6n;ed embodiment the impedance synthesising an^ngement 
includes a digital signal processor and in another embodiment it includes analog 
10 circuitry to define the said voltage -current relationship. 

According to a third aspect of the Invention there is provided a vibrational 
damping apparatus including: 

a piezoelectric component for engagement with a strticturB to be 
vibrationally damped, the piezoelectric component having a pair of electrical 
15 temiinals for communication of a voltage across the piezoelectric material; and 
an Impedance synthesising anangement in accordance with the first 
aspect of the invention wherein said predefined relationship is adapted to 
synthesise a shunting circuit 

the lemilnals of said piezoelectric component being electrically connected 
20 to the impedance synthesising amangement such that the input voltage is 
provided by said piezoelectric material in response to vibration of the structure 
and the output cun-ent is fed to said piezoelectric material so as to vibrationally 
damp said structure. 
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According to a fourth aspect of the invention there is provided a 
vibrational damping apparatus including: 

a piezoelectric connponent for engagement with a structure to be 
vibrationally damped, the piezoelectric component having a pair of electrical 
5 terminals for communication of a voltage across the piezoelectric material; and 

an impedance synthesising arrangement in accordance with the second 
aspect of the invention wherein said predefined relationship is adapted to 
synthesise a shunting circuit; 

the terminals of said piezoelectric component being electrically connected 
10 to the impedance synthesising anrangement such that the input cunrent is 
provided by said piezoelectric material in response to vibration of the structure 
and the output voltage is fed to said piezoelectric material so as to vibrationally 
damp said stojcture. 

According to another aspect of the invention there is provided a method 
15 for deriving a digital signal processing algorithm to be utilisedjn the impedance 
synthesising arrangement described above, said method including the following 
steps: 

1) designing a shunt circuit having a plurality of impedances which, in 
combination with any inherent capacitance of the piezoelectric component, 

20 would give desired vibrational damping properties; 

2) converting said shunt circuit into a transfer function block diagram; and 

3) fomriing a digital signal processing algorithm from said block diagram. 

Preferably the step of "forming a digital signal processing algorithm from 
said block diagram" is perfomied by a graphical compilation package, such as 
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the real-time workshop for MATLAB, to be implemented on the rapid proto-type 
system dSpace. 

Brief Description of the Drawings: 

Preferred embodiments of the invention will be described, by way of 
5 example only, with reference to the accompanying drawings, in which: 
figure 1 is a circuit diagram illustrating the functionality of a first 
embodiment of an impedance synthesising arrangement; 

figure 2 is a circuit diagram illustrating a vibrational damping apparatus 
utilising the first embodiment of the impedance synthesising an-angement; 
1 0 figure 3 is a drcuit diagram illustrating a piezoelectric material connected 

to a first shunt circuit; 

figure 4 is a circuit diagram illustrating a piezoelectric material connected 
to a secxjnd shunt circuit; 

figure 5 is a circuit diagram Illustrating a piezoelectric material connected 
15 to a third shunt circuit; 

figure 6 illustrates a parallel networic of impedances and the equivalent 
transfer function block diagram; 

figure 7 illustrates a series networi^ of impedances and the equivalent 
transfer function block diagram; 
20 figure 8 is a graph illustrating the results of an experiment to compare 

undamped vibrations with vibrations damped using a prefenred embodiment of 
the improved vibratfonal damping apparatus; 

figure 9 is a circuit diagram illustrating the functionality of a second 
embodiment of an Impedance synthesising anangement; and 
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figure 10 is a circuit diagram illustrating a shunt circuit being syntliesised 
by the second embodiment of an impedance synthesising arrangement for 
connection to a piezoelectric material. 

Detailed Description of Preferred Embodiments of the Invention: 

5 Referring to the drawings, the functionality of a first embodiment of an 

impedance synthesising anrangement is illustrated in figure 1. The impedance 
synthesising anrangement, shown schematically as reference numeral 10, is 
adapted to accept an input voltage 1 1 and to provide a corresponding output 
current 12 according to a predefined relationship between the input voltage and 
10 the output current. In mathematical terms: 
i2(t) = f{v(t)} 

where the function f is the "predefined relationship" which can be 
made to synthesise a network of physical components, for example by fixing izto 
be the output of a linear transfer function of Vz, ie, 
15 lz(s) = Y{s)Vz(s). 

where Y(s) = 1/Z(s) 

and Z(s) is the impedance to be seen from the terminals. 

Figure 9 illustrates another embodiment of an impedance synthesising 
arrangement 40 adapted to accept an input current 1 41 and to provide a 
20 conresponding output voltage Vz 42 according to a predefined relationship 
between the input current 1 41 and the output voltage v/z 42. In mathematical 
terms: 

vz(t) = f{iz(t)} 
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Where the function f is a "predefined relationship" which can be 
made to synthesise a network of physical components as discussed above. 

Referring now to the vibrational damping apparatus 20 shown in figure 2, 
the piezoelectric component 21 is engaged with a structure 22 which is to be 
5 vibrationally damped. In some embodiments the piezoelectric component 21 is 
bonded to the structure 22 with a thin layer of adhesive epoxy, although other 
methods of engagement may be used. Clearly the piezoelectric material should 
be placed at or near a vibrational antinode for maximum vibrational clamping 
efficiency, although other positions may suffice for certain purposes. The 
1 0 piezoelectric component 21 has a pair of electrical temilnals 23 and 24 for 
communication of a voltage across the piezoelectric material. 

The impedance syntheslsing arrangement 25 utilised in the vibrational 
damping arrangement 20 may include an analog or preferably digital means 26 
for implementing a transfer function. The predefined relationship provided by 
15 the transfer function Is adapted to synthesise a circuit tor passive shunting of the 
piezoelectric material 21 . 

The temriinals 23, 24 of the piezoelectric component 21 are electrically 
connected to the impedance syntheslsing arrangemerit 25 such that the input 
voltage 1 1 is provided by the piezoelectric material 21 in response to vibration of 
20 the structure 22 and the output current 12 is fed to the piezoelectric material 21 
so as to vibrationally damp the stnjcture. 

The means 26 for Implementing a transfer function which is part of the 
impedance syntheslsing arrangement 25 is preferably a digital signal processor, 
although In some embodiments may be an analog circuit 
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Some of the possible shunting circuits which may be synthesised by the 
impedance synthesising arrangement 25 are shown in figures 3, 4 and 5. More 
particularly, the circuit which is synthesised by the impedance synthesising 
arrangement 25 is the circuit minus the piezoelectric component 21 (also 
5 labelled PZT), to which the impedance synthesising anrangement 25 is 

electrically connected. These shunting circuits, in combination with any inherent 
capacitance 30 of the piezoelectric component, are tailored to result in an 
impedance experienced by the piezoelectric material 21 which has a first local 
maximum at a frequency substantially equal to a first resonant frequency of a 

1 0 first mode of vibration of the structure. I n other words, if one of the modes of 
vibration to be damped occurs at, say. 74.6 Hz then the impedance experienced 
by the piezoelectric material 21 is tailored to have a local maximum at 74.6 Hz. 
If it is desired to vibrationally damp more than one mode, the shunting circuit 
synthesised by said impedance synthesising arrangement 25, in combination 

1 5 with any inherent capacitance 30 of the piezoelectric component 21 , is tailored 
to result in an impedance which has local maxima at frequencies substantially 
equal to resonant frequencies of modes of vibration of the structure. For 
example, if two of the modes of vibration to be damped occur at, say, 74.6 Hz 
and 171.4 Hz, then the impedance experienced by the piezoelectric material 21 

20 is tailored to have local maxima at 74.6 Hz and 171 .4 Hz. 

As can be best seen from figures 3, 4 and 5, the shunting circuits 
synthesised by the impedance synthesising arrangement 25, in combination with 
any inherent capacitance 30 of the piezoelectric component 21, have the effect 
of one or more L-C-R circuits 31 , each tuned to resonate at different resonant 
25 frequencies of modes of vibration of the structure 22. iVlore particulariy, the 
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shunt circuits Include a plurality of such L-C-R circuits 31, at least some of which 
are subject to blocking means 34 adapted to ensure that substantially only the 
respective resonant frequency is fed to each L-C-R circuit In other words, if one 
L-C-R circuit 31 is tuned for a maximum impedance at, say, 74.6 Hz, then Its 
5 blocking means 34 ensures substantially only that frequency is fed to that L-C-R 
circuit 31 . 

The blocking means 34 used in the circuits shown In figures 3, 4 and 5 
are L-C circuits tuned to anti-resonate as required for blockage purposes. 
As shown in figure 2, three opamps 32 and a resistor 33 electrically 
10 connect the impedance synthesising arrangement 25 to the piezoelectric 
component 21. 

Figure 10 illustrates an alternative vibrational damping apparatus 43 
which utilises the second embodiment of the impedance synthesising 
arrangement 40. Vo is a voltage controlled voltage source (non inverting 
15 amplifier) with gain G2. The gains Gi and G2 are included to allow magnitude 
conditioning of the signals a(t) and b(t). This is useful to achieve a maximum 
signal to noise ratio if a digital signal processor is used to synthesize Z(s). Note 

that the signal a(t) is equivalent Id the temninal cun^nt In Gi — . 

amp 

The terminal cun-ent i2(t) 44 is measured, in this case by sensing the 
20 voltage across resistor Rs 45, however in alternative embodiments other means 
such as a Hall Effect Sensor may be employed to measure the current 44. 
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It follows that: 

Thus we arrive at the relationship between terminal voltage and cunrent: 
5 Z,(.)=^ = Z(.KiJ, 

The temiinal impedance Zt(s) is equivalent to Z(s) + Rs where Z(s) is the 
impedance transfer function of some electrical network. In use, the temninals 46 
and 47 are connectable to piezoelectric material in order to provide vibrational 
damping. 

10 When using a digital signal processor 26 in the impedance synthesising 

means 25, it is preferable to develop an algorithm which can be used to ensure 
that the predefined relationship between the voltage 1 1 and the cunrent 12 is as 
required. The prefen-ed method for deriving a digital signal processing algorithm 
includes the following steps: 

15 1 ) designing a shunt circuit (for example as illustrated in figures 3, 4 or 5) 

having a plurality of impedances which, in combination with any inherent 
capacitance 30 of the piezoelectric component 21 , would give desired vibrational 
damping properties; . 

2) converting said shunt circuit into a transfer function block diagram 
20 (such as those illustrated in figures 6 and 7); 

3) forming a digital signal processing algorithm from said block diagram. 
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It will be appreciated by those skilled in the art that combinations of the 
parallel and series arrangements shown in figures 6 and 7 may be used for 
circuits having combinations of parallel and series impedances. 

The step of "fomriing a digital signal processing algorithm from said block 
5 diagram" is preferably perfomied by a graphical compilation package, such as 
the Real Time Workshop for MATLAB, although other methods are known to 
those skilled in the art. 

An alternative to using the "block" method described in the preceding 
paragraphs is to compute from first principles an overall impedance for the shunt 
10 circuit, based upon an analysis of each of the separate components and their 
interrelationships. This approach has the disadvantage of increased 
computational difficulty, however has the advantage of not requiring a graphical 
compilation package or conversion of the shunt circuit into a transfer function 
block diagram. 

1 5 Prefenred embodiments of the vibrational damping apparatus were built 

for the purposes of testing. Two structural modes of vibration of a simply 
supported beam 22 were damped using a simulation of the shunt circuit shown 
in figure 3. The circuit shown in figure 2 was used to connect the synthetic 
impedance arrangement 25 to the piezoelectric component 21 . The component 
20 values to damp two modes at 74.6 Hz and 1 71 .4 Hz were: 

Ri = 262.76 kQ; 

R2 = 550.73 kQ; 

Li =42 H; 

L2 = 20.3H; 
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L3 = 45.2 H; and 
C3 = 100nF. 

The results are shown in figure 8 where the frequency response is measured 
from the applied structural excitation magnitude to structural velodty magnitude 
5 at a point There was found to be a 20 dB and 18 dB reduction of the two 
resonant peaks. It was found experimentally that these results were 
considerably better than those obtained by using the technique taught by US 
Patent No. 5,783,898 with the same shunt circuit, even after extensive tuning to 
calibrate the virtual Inductors and branch frequencies. 

1 0 Additionally, the preferred embodiment of the vibrational damping 

apparatus 20 may be easily used to damp higher order modes by designing the 
appropriate damping network and implementing the algorithm derived therefrom. 

Although the invention has been described with reference to specific 
examples, it will be appreciated by those skilled in the art that the invention may 
15 be embodied in many other fonms, 
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1 . An impedance synthesising arrangement adapted to accept an input 
voltage and to provide a corresponding output current according to a 
predefined relationsiilp between the input voltage and tlie output cun-ent. 

2. An Impedance synthesising arrangement adapted to accept an input 
current and to provide a corresponding output voltage according to a 
predefined relationship between the input current and the output voltage. 

3. An impedance synthesising arrangement according to claim 1 or 2 wherein 
said predefined relationship is adapted to synthesise a network of electrical 
components. 

4. A vibrational damping apparatus including: 

a piezoelectric component for engagement with a stmcture to be 
vibrationally damped, the piezoelectric component having a pair of electrical 
terminals for communication of a voltage across the piezoelectric material; 
and 

an impedance synthesising arrangement according to claim 1 wherein 
said predefined relationship is adapted to synthesise a shunting circuit; 

the terminals of said piezoelectric component being electrically 
connected to the impedance synthesising arrangement such that the input 
voltage is provided by said piezoelectric material in response to vibration of 
the stmcture and the output current is fed to said piezoelectric material so as 
to vibrationally damp said structure. 
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5. A vibrational damping apparatus including: 

a piezoelectric component for engagement with a structure to be 
vibrationally damped, the piezoelectric component having a pair of electrical 
terminals for communication of a voltage across the piezoelectric material; 
and 

an impedance synthesising arrangement according to claim 2 wherein 
said predefined relationship is adapted to synthesise a shunting circuit; 

the terminals of said piezoelectric component being electrically 
connected to the impedance synthesising arrangement such that the input 
current is provided by said piezoelectric material in response to vibration of 
the structure and the output voltage is fed to said piezoelectric material so as 
to vibrationally damp said structure. 

6. A vibrational damping apparatus according to claim 4 or 5 wherein said 
impedance synthesising an^angement includes a digital signal processor. 

7. A vibrational damping apparatus according to claim 4 or 5 wherein said 
impedance synthesising anrangement includes an analog low pass filter with 
gain. 

8. A vibrational damping apparatus according to any one of claims 3 to 7 
wherein said shunting circuit synthesised by said impedance synthesising 
arrangement, in combination with any inherent capacitance of the 
piezoelectric component, results in an impedance which has a first local 
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maximum at a frequency substantially equal to a firet resonant frequency of a 
first mode of vibration of the structure. • 

9. A vibrational damping apparatus according to claim 8 wherein said shunting 
circuit synthesised by said impedance synthesising arrangement, in 
cpmbinatibn with any inherent capadtance of the piezoelectric component, 
results in an impedance which has local maxima at frequencies substantially 
equal to resonant frequencies of modes of vibration of the structure. 

10. A vibrational damping apparatus according to any one of claims 4 to 9 
wherein said shunting circuit synthesised by said impedance synthesising 
anangement, in combination with any inherent capacitance of the 
piezoelectric component, has the effect of one or more L-OR circuits, each 
tuned to resonate at different resonant frequencies of modes of vibration of 
the structure. 

1 1 . A vibrational damping apparatus according to any one of claims 4 to 10 
wherein three opamps and a resistor electrically connect the impedance 

» 

synthesising anangement of claim 1 to said piezoelectric component in 
accordance with the circuit shown in figure 2. 

12. A vibrational damping apparatus according to any one of claims 4 to 10 
wherein the impedance synthesising arrangement of claim 2 is connected to 
said piezoelectric component in accordance With the circuit shown In figure 
10. 
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13. A vibrational damping apparatus according to any one of the preceding 
claims wherein said shunt circuit Includes a plurality of L-C-R circuits, each 
being tuned to resonate at different resonant frequencies of modes of 
vibration of the stmcture, at least some of said L-C-R circuits being subject to 
blocking means adapted to ensure that substantially only the respective 
resonant frequency is fed to each L-C-R circuit. 

14. A method for deriving a digital signal processing algorithm to be utilised in 
the impedance synthesising arrangement of any one of claims 1 to 1 3, said 
method including the following steps: 

1 ) designing a shunt circuit having a plurality of impedances which, in 
combination with any inherent capacitance of the piezoelectric component, 
would give desired vibrational damping properties; 

2) converting said shunt circuit into a transfer function block diagram; 

3) forming a digital signal processing algorithm from said block 
diagram. 

15. A method for deriving a digital signal processing algorithm according to 
claim 14, wherein said step of "forming a digital signal processing algorithm 
from said block diagram" is performed by a graphical compilation package. 

16. An impedance synthesising arrangement substantially as herein described 
with reference to any one of the disclosed embodiments and their associated 
drawings. 
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17. A vibrational damping apparatus as herein described with reference to any 
one of the disclosed embodiments and their associated drawings. 

18. A method for deriving a digital signal processing algorithm as herein 
described with reference to any one of the disclosed embodiments and their 
associated drawings. 
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ACTIVE MANAGEMENT AND STEERING OF STRUCTURAL 
VIBRATION ENERGY 

5 Statement a s to Rights Under Federally Sponsored Research and Development 
TTie U.S. Government has a paid-up license in this invention and the right in 
limited circumstances to require the patent owner to license others on reasonable 
terms as provided for by the terms of (Contract No. DAAH01-94C-R001) awarded 
by DARPA (DOD) Defense Small Business iinovation Research Program. 

10 

Technical Field of the Invention 
The present invention relates generally to vibration and, in particular, the 
present invention relates to controlling vibration in a system using active vibration 
confinement. 

15 

Background of the Invention 
The suppression or control of vibration is having an ever-increasing 
importance in the design, manufacture, operation, maintenance, precision, and safety 
of flexible structures and machinery. Engineering systems are subjected to 

20 numerous disturbances from either internal or external sources of vibration. The 
conventional methods for reducing the impact of vibrations take several forms. The 
methods can be classified, however, into the general categories of isolation, 
absorption (redkection), and suppression (dissipation). All of these methods can be 
implemented by passive and/or active (adaptive) means. 

25 Isolation systems reduce the transmission of vibration eriergy fiom one part 

of a structure to another and consist of elastic (isolating) and damping (dissipating) 
mechanisms optfanized for discrete operating frequencies. Examples of the passive 
isolation elements include, but are not limited to, metal and air springs, elastic 
mounts, and viscoelastic mounts. These systems are also optimized for some range 

30 of operating frequencies to make them most effective. 
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implemented by passive or semi-acdve means which controlled the posidon and/or 
stiffness of structural or machinery components. 

Although inducing mode localization and vibration confinement by design 
. modifications and/or tuning the allowable design parameters in a passive or active 

5 way may be useful in many applications, it has potential difficulties in some other 
applications. The strategy based on design modification is most useful when 
implemented at the design stage or when allowable structural modifications are 
sufficient to induce mode localization. Its main drawback, however, is when the 
allowable design changes fall out of the range for inducing noticeable energy 

10 confinement. 

For the reasons stated above, and for other reasons stated below which will 
become apparent to those skilled in the art upon reading and understanding the 
present specification, there is a need in the art for a vibration confinement system 
that uses all feedback forces to manage stmctural elastic energy in order to steer 

15 vibration energy and induce confinement. 

Summary of the Invention 
The above-mentioned problems with vibrating systems and other problems 
are addressed by the present invention and will be understood by reading and 
20 studying the following specification. 

The present invention relates to vibration damping, isolation, suppression, 
absoiption, and/or vibration control devices for structures and machinery based on 
the concept of Vibration Control by Confinement (VCC) in its active (AVCC) form. 
In one embodiment, sensor(s) and actuator(s) are employed with suitable signal 
25 conditioning to apply a feedback force necessary to confine vibration energy to 

specified regions or components of a structure or machine (hereinafter referred to as 
"flie system"). The term "force" is used to describe any means of inputting 
mechanical energy into the system (force, moment, strain, pressure). Discrete and/or 



BNSDOCID: <WO 0242BS4A2JA> 



wo 02/042854 



PCT/USOl/45502 



4 

distributed sensors and actuators are utilized to modify the system's vibration 
charactwistics to confine or localize vibrational energy. 

Contrary to prior techniques of vibration control, the present invention 
utilizes not only the time-dependent characteristics of the system response/but also 
5. their space-dependent characteristics. Through the application of feedback forces 
proportional to the spatial partial derivatives of the system displacements, velocities, 
and accelerations, vibration modes are altered to effectively confine, localize, or 
redistribute the vibration energy in the spatial domain. Furthermore, the vibration 
response of the system can be suppressed and/or controlled independent of the 

10 disturbance type. In conventional methods, flie vibration control system must be 
defined for a specific type of load. In different embodiments, the present invention 
can be integrated into the design of a system or used as an add-on component The 
applications for this invention are far-reaching and can be used in any system whose 
vibrations at one or more regions must be smaU or large compared to that of other 

15 regions. 

The novel characteristics of die current invention are set forth in particular m 
the appended claims. The invention itself and its possible embodiments are more 
fiilly described in the description of the accompanying drawings. 

20 Brief Descri ption of the Drawings 

Figure 1 is a block diagram of a system according to the present invention. 
Figures 2A-2D are schematic views of four possible embodiments of the 

present invention in an application where the contrxjl system is designed for axial 
and/or torsional vibration control of a rod or shaft structure. 

25 Figures 3A-3D are schematic views of four possible embodiments of the 

invention in an application where the control system is designed for axial, torsional, 

and/or bending vibration of a beam structure. 
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Figures 4A-4D are schematic views of four possible embodiments of the 
invention in an application where the control system is designed for in-plane and 
out-of-plane vibration of a plate structure. 

Figures 5A-5C are schematic views of four possible embodiments of the 
5 invention in an application where the control system is designed for in-plane and 
out-of-plane vibration of a shell stracture. 

Figure 6 is a schematic of one possible embodiment of the invention in an 
application where the control system is designed for a complex truss structure 
consisting of beam elements. 
10 Figures IkrlC are non-dimensional representations of the first three normal 

vibration mode shapes of a pinned-pinned rod (beam) having no spatial-decay- 
causing actuators. 

Figures 8A-8C are non-dimensional representations of the first three 
confined vibration mode shapes of a rod (beam) when actuator feedback gains are 
15 proportional to the spatial derivatives of displacement according to the present 
invention. 

Figures 9A-9C display the displacements of the non-controlled and 
controlled rods of Figures 7A-7C and Figures 8A-8C subjected to an impact of 1 m 
from its left edge at three time increments after impact. ' 
20 Figure 10 illustrates system energy for a non-controlled and controlled rod as 

a function of time 

Detailed Description of the Invention 
In the following detailed description of the prefened embodiments* reference 
25 is made to the accompanying drawings that form a part hereof, and in which is 

shown by way of illustration specific preferred embodiments in which the inventions 
may be practiced. These embodiments are described in sufficient detail to enable 
those skilled m the art to practice the invention, and it is to be understood that other 
embodiments may be utilized and that logical, mechanical and electrical changes 
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may be made without departing from the spirit and scope of the present invention. 
The following detaUed description is. therefore, not to be taken in a Umiting sense, 
and the scope of the present invention is defined only by the claims. 

The present invention uses active feedback actuation to confine vibration 
5 energy to specified regions or components of a mechanical system by modifying the 
system's vibration characteristics, referred to herein as Active Vibration Control by 
Confinement (AVCC). This approach is distinctly different than prior active 

vibration control techniques in that this technique utilizes not only the time- 
dependent characteristics of the system response, but also dieir space-dependent 

10 characteristics. Through the application of feedback forces proportional to the 

spatml partial derivatives of the system displacements, velocities, and accelerations, 
vibration modes arc altered to effectively confine or redistribute the vibration energy 
in the spatial domain. Contrary to conventional methods, the vibration response of 
the system can be controlled independently of the type of distaibance. Embodiments 

15 of the present invention can be both integrated into the design of a system or used as 
add-on components. 

The present invention is differentiated fimm the prior vibration control 
methods on several levels. Periiaps the most significant difference lies in the 
confinement of vibration energy itself. For all prior techniques, the reduction of 

20 vibration assumes that the control niechanism responds to tiie incoming vibration. 
That is, the systems are reactive. The present approach, on the other hand, prohibits 
specified regions of a system from accepting vibration energy. In this sense, the 
approach is proactive. 

All currentiy available methods of vibration contirol assume that vibration 
25 will propagate into a control region. That is, tiie unwanted vibration is addressed 
only after the vibration has reached a critical area. Specifically, for isolation 
techniques, it is assumed that vibration will be present in a system at fee interface 
between two components. It is at tiiis interface that the isolation reacts to the 
incoming vibration, reducing its propagation. For tiie case of absorption, witiiout 
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vibration being delivered to the absorption mechanism, it is ineffective. This control 
method then reduces the vibration energy in the remaining system components. 
Suppression techniques are most effective when large amounts of energy are 
delivered to the damping mechanism. In this case, it is first necessary for vibration 

5 to be present in the system, and only then is it dissipated. Prior art active vibration 
control techniques rely oh the application of forces that counteract and cancel the 
vibration present in the system. For these control mechanisms, it is assumed that 
vibration will first reach an unwanted region, and then will be canceled. It is clear 
that each of these mechanisms operates in a reactive mode. 

10 In the instant invention, feedback forces proportional to the spatial 

derivatives of the system displacements, velocities, and/or accelerations induce 
confinement The result is spatial vibration confinement in the form of an 
exponential decay in vibration magnitude along the length of the structure or its 
components. As a result, vibration is confined to non-critical regions of the system, 

15 preventing vibration energy from propagating to regions of the system that must 
remain vibration free. 

The current invention has significant advantages over the other available 
methods. The application of AVCC to vibrating systems allows specified regions to 
^ reach an acceptable level of vibration faster than prior approaches. It is conceivable 

20 that the current invention may be implemented to simply prohibit vibrational energy 
from propagating into the critical regions. The current invention, however, has the 
capability to reduce the absolute level of vibration to levels below that of prior 
techniques. The redistribution of vibration energy, as embodied in the current 
AVCC invention, dictates that less energy is needed to redirect the vibration than is 

25 required to cancel it- The current invention may require less power and fewer 
actuators than the prior active vibration cancellation methods since the prior 
methods require vibrati on cancellation at all parts of the systenL 

AVCC can be utilized in conjunction with other vibration suppression 
techniques, active or passive, to increase their effectiveness. If used to amplify 
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vibration, AVCC can direct more energy to dissipation mechanisms, thus simulating 
a resonance condition, aiid making damping devices more effective. Another 
application of the present invention is in the area of active sonars in which it is 
desired to transmit signals with the least input power. 
5 Examples of systems which may benefit from this method of vibration 

control include, but are not limited to: high-precision pointing, imaging, and cutting 
devices, computer disks, read-write heads, rotating and reciprocating machinery, 
civil stmctures, transportation vehicles, and flexible space structures, submarines, 
ships, aircraft, and off-shore oil platforms. 

10 

Overview of AVCC 
In this section, the theoretical aspects of the invention are briefly discussed. 
AVCC is based on two powwful concepts: (1) a modified version of the well- 
known independent modal-space control (IMSC) approach and (2) the theory of 

15 mode localization, whose occurrence in a stracture is controUed by a set of actuators 
rather flian design modifications. We refer to such actuators as Spatial-Decay- 
Causing Actuators (SDCA). A set of discrete (or distributed) feedback forces are 
used to maintain confinement and/or assist in converting the original extended 
modal response of the structure into exponentially decaying functions in the spatial 

20 domain, whUe removing some of the energy. These processes result in the 

simultaneous decay of vibrations in time and spatial domains. In most of today's 
practices in passive and active vibration control, the total response only decays in the 
time domain. Therefore, tiie novel AVCC technique significandy improves the 
effectiveness and efficiency of vibration control systems by utilizing an optimally 

25 distributed sensor/actuator set. 

Structures can be designed with the aid of die AVCC technique to optimally 
distribute the aerodynamic^ly, hydrodynamically, and mechanically induced 
vibrational energy away from certain critical regions tiuough which transmission of 
the vibrational forces to the damageable subsystems is maximum. Such an approach 
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results in a significant improvement in the vibration attenuation of structures during 
their normal use and thereby optimizes their service-free life and enhances their 
performance. 

Ttie basic process, that takes place when vibration confinement is 
5 implemented and maintained via an array of Spatially-Decay-Causing Actuators 
(SDCA), is that the excess energy is taken from the critical areas (or sensitive 
components) and placed in the non-critical areas (or non-sensitive components). Li 
doing so, some of the energy is also taken from the structure. Another way of 
looking at the AVCC approach via SDCA is that certain conditions are provided in 

10 the structure so that the vibrational energy is redirected from one place to another 
and from one mode to another. 

The concept for the confinement of vibrational energy described in this 
section is closely related to that of Independent Modal Space Control (MSG) or 
eigenstructure assignment that has been known for some time. The IMSC method 

15 has been widely used in the control of linear time invariant systems. Although the 
proposed method for vibration confinement uses the concept of IMSC (or 
eigenstructure assignment), an innovative scheme is presented for shaping the 
vibration modes and/or shifting frequencies using appropriate feedback forces. 

Modal control means controlling the vibrations of a structure by controlling 

20 its modes or eigenstructure (eigenvalues and eigenvectors). It is well known, based 
on linear vibration theory, that the transient vibrations of a structure depend on its 
(1) eigenvalues, which determine the decay/growth rate of the response, (2) 
eigenvectors, which determine the shape (or the relative distribution) of the 
response, and (3) initial conditions, which determine the degree that each mode 

25 participates in the transient response. For steady-state vibrations (due to persistent 
disturbances), the magnitude and shape of the response depend on eigenvalues, 
eigenvectors, and the persistent disturbance whose distribution and frequency 
determines the degree of participation of each mode in the steady-state response. 
Thus, system response (transient and steady-state) can be altered by modifying the 
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eigenstnicture (eigenvalues and eigenvectors) of flie structure by appropriate 
feedback forces. It is important to note that all the reported control strategies based 
on the JMSC method lead to time-decay of vibrations at a certain rate throughout the 
structure. In other words, vibrations decay as a function of time and not of the 
5 spatial parameters. 



Active Vibration Control by Confinement (AVCQ 
The current invention describes the utilization of feedback forces 
proportional to the spatial derivatives of system displacements, velocities, and/or 
10 accelerations to control the distribution of vibration energy in a stmcture or machine. 
When applied in the proper proportions, these feedback forces have the capacity to 
produce an exponentially varying vibration response magnitude in a stmcture or 
component As such, the system's response may be tailored eiflier to suppress or 
amplify vibration at specified regions or components. Embodiments of the present 
15 invention include sensors, signal processing, and actuators to monitor the response 
of the stmcture, calculate the spatial derivatives of the system displacements, 
velocities, and accelerations, and apply the necessary feedback forces. 

The invention may be applied to structurally simple components such as 
rods, beams, plates, and shells, or to more complex structures comprised of the 
20 former types of components. The invention can be utilized also for machines that 
undergo vibratory motion due to their own operation. The invention may be 
implemfflited either in the design stage of a system, or as an add-on component. 

Figure 1 illustrates a block diagram of an embodiment of the present 
invention. The embodiment encompasses embodiments described below with 
25 reference to Figures 2A-5. The invention utilizes a device for measuring the 
vibration response of a system 100. Depending upon the system under 
consideration, the device(s) 102 may measure displacement, velocity, acceleration, 
pressure, and/or strain. They may also be contacting or non-contacting sensors. 
From the vibration measurement, the distribution of displacements, velocities, and 
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accelerations is derived through signal processing 1 10. Ttie spatial partial 
derivatives of these system quantities are then computed. Signals proportional to 
these computed quantities, called the feedback gains, are then fed to an array of 
system actuators 104. The feedback gains for the spatial derivatives of the 
5 displacements control the rate of spatial decay and the severity of confinement. The 
feedback gains for the spatial derivatives of velocity create simultaneous spatial and 
time decay. The feedback gains for the spatial derivatives of the accelerations adjust 
the shift in system natural frequencies. By describing a consistent set of feedback 
gains and forces, it is possible to shift the confinement (or suppression) region to a 

10 specified location. The application of the feedback forces then alters the vibration 
mode shapes of the system. 

It has been seen in the case of passive vibration confinement that should 
confinement occur naturally, but unexpectedly, vibration control systems may prove 
to be ineffective. The primary reason for this result is that the vibration modes of the 

15 system are different from those that are expected. Prior active vibration control 
methods utilize an optimum distribution of sensors and actuators. Once the 
vibration modes of the system are altered, the effectiveness of the sensors, actuators, 
and control algorithm may be jeopardized. In contrast, with the application of 
AVCC, the optimum feedback forces for all actuators are determined by the current 

20 state of the system. As such, vibration confinement will be maintained and the 
necessary vibration suppression or amplification will be ensured. 

Figures 2A-2D illustrate four possible embodiments of the invention as it 
could be applied to the confinement of axial and/or torsional vibrations of a rod 150. 
In these configurations, Figure 2A and Figure 2B represent, respectively, 

25 embodiments with distributed (continuous) sensor and/or actuator array in a surface 
mount configuration 120 and an embedded configuration 130. Figure 2C and Figure 
2D represent the same rod with discrete sensor and/or actuator array in a surface 
mount configuration 140 and an embedded configuration 160, respecdvely. The 
sensors and actuators may be located at the same points on the rod (collocated) or at 
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different points (non-collocated). AlthoTjgh a solid rod of circular cross-section is 
illustrated, the cross-section of the rod may take any geometry and may also be 
hoUow. The grapUc representation of the rod is used also to identify the possibility 
of implementing the current invention for the case of rotating components, such as a 
rotating shaft, as well as non-rotating components. A controller 1 10 handles all data 
acquisition functions, signal conditioning and processing, and actuator signal 
generation. 

Figures 3A-3D illustrate four possible embodiments of the invention as it 
could be applied to the confinement of axial, torsional, and/or transverse vibrations 
of a beam 170. In these configurations, Figure 3A and Figure SB represent 
embodiments with distributed (continuous) sensorand/or actuator array in a surface 
mount configuration 200 and an embedded configuration 210, respectively. Figure 
3C and Rgure 2D illustrate the same beam with a discrete array of sensors and/or 
actuators in a surface mount configuration 220 and an embedded configuration 230. 
The sensors and actuators may be located at the same points on the beam 
(collocated) or at different points (non-collocated). Although a solid beam of 
rectangular cross-section is depicted in the plots, the cross-section of the beam may 
take any geometry and may also be hollow. The current invention may be utilized 
for the case of rotating beam-type components as well as non-rotating components. 
The controller 10 handles all data acquisition functions, signal conditioning and 
processing, and actuator signal generation. 

Figures 4A-4D illustrate four possible embodiments of tiie invention as it 
could be applied to the confinement of in-plane and out-of-plane vibrations of aplate 
250. In tiiese configurations. Figure 4A and Figure 4B represent embodiments with 
25 disteibuted (continuous) array of sensors and/or actuators in a surface mount 

configuration 260 and an embedded configuration 220, respectively. Hgure4Cand 
Figure 2D illustrate the same plate to be controlled witii a discrete array of sensors 
and/or actuators in a surface mount configuration 280 and an embedded 
configuration 290. The sensors and actuators may be located at the same points on 



15 



20 
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the plate (collocated) or at different points (non-collocated). The current invention 
may be utilized for the case of rotating plate-type components as well as non-rotating 
components. All data acquisition functions, signal conditioning and processing, and 
actuator signal generation are handled by the controller 110. 

5 Figure 5A-5C illustrate three possible embodiments of the invention as it 

could be applied to the confinement of axial, torsional, bending, and circumferential 
vibrations of a shell 300. In these configurations. Figure 5 A and Figure 5B illustrate 
a distributed (continuous) array of sensors and/or actuators in a surface mount 
configuration 310 and an embedded configuration 320. Figure SC illustrates the 

10 same shell to be controlled with a discrete array of sensors and/or actuators in a 
surface mount configuration 330. The sensors and actuators may also be embedded 
configuration for application to shell-type components. The sensors and actuators 
may be located at the same points on the shell (collocated) or at different points 
(non-collocated). The current invention may be utilized for the case of rotating 

15 shell-type components as well as non-rotating components. The controller 1 10 
handles all data acquisition functions, signal conditioning and processing, and 
actuator signal generation. 

Figure 6 illustrates one possible embodiment of the invention as it could be 
applied to the confinement of vibrations of a complex structure 350. In the depicted 

20 configuration, the structure is comprised of beam- and plate-type components to 

form a complex trass stracture. Any complex structure is typically comprised of the 
aforementioned components (rods, beams, plate, and shells) and the current 
inverition can be utilized for the confinement of vibration in all complex structures. 
Figure 6 represents the case of a discrete array of sensors and actuators 360 in a 

25 surface mount configuration. The discrete sensors and actuators may also be 
embedded within the complex system. Distributed surface mount and embedded 
sensors and/or actuators may also be utilized. The sensors and actuators may be 
located at the same points on the structure (collocated) or at different points (non- 
collocated). The cun-ent invention may be utilized for the case of rotating complex 
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Structures as well as non-rotating structures. ITie controller 1 10 handles all data 
acquisition functions, signal conditioning and processing, and actuator signal 
generation. 

It is understood that each of the devices and elements or a combination of 
them described herein may also be applied to other structures and machine 
application where vibration needs to be suppressed, isolated, absorbed, amplified, or 
controlled by the AVCC concept described above. In particular, AVCC can be 
applied to flexible stmctures and/or machinery whose gross motion is either static or 
dynamic (translating and/or rotating). 

An algorithm used by the controller is described herein for implementation of 
AVCC in which the resh^ing of modal response plays tiie key role while the 
frequency shift plays a secondary role. In this approach, the mode shapes can be 
used to effectively distribute the vibrational energy of flexible structures so that the 
vibration control system can more efficiently meet the required performance. In 
particular, feedback forces are chosen to control die shape of the modes in a way that 
the relative magnitude at certain regions remain small (or large) for aU times. Such 
localization of vibrational energy can be used to either isolate parts of the system 
from some other ones (i.e., vibration isolation) or amplify the output of the structure 
at certain regions (i.e., amplification of the actuator ou^t displacement). 

Example 1 

In the following section, the present AVCC method is illustrated for two 
cases of a continuous sbucture with collocated distributed sensors and actuators, and 
a continuous structure with discrete sensors and actuators. 

The dynamic response of many non-gyroscopic engineering systems is 
governed by equation (1) which relates the displacement u(x,t) at the equilibrium 
position of a structure defined in compact domain D and subjected to tiie actuating 
and disturbance force distribution/,rjc,r; and//;(.f), respectively. M(x) is a positive 
function describing die mass density, ^is the damping coefficient, and lis a Imear 
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time-invariant, symmetric, non-negative differential operator representing the 
stiffness distribution of the structure, jc is the spatial variable in domain D. B[u(x,t)] 
is a set of linear differential operators characteri2ing the boundary conditions- 

1/2 

AfW«Ur) + 2^Af(x)L] 6(x,f) + Lii(x,r) = /^(x.r) + /^U0 , B[u{x,t)]^0' (1) 



The distributed feedback force,/afx,f;, depends on the displacement u(x,t), velocity, 
and acceleration fields, and their spatial partial derivatives. An alternative 
combination, which has been amply used and demonstrated in today's common 

10 practices in the field of active control, includes displacement, velocity, and 

acceleration fields. However, little attention has been given to the case when the 
feedback force consists of spatial partial derivatives of die displacement, velocity, 
and acceleration. In fact, the proper selection of the distributed force Ja(x,t), which 
includes spatial partial derivatives of the displacement, is the essential tool for the 

15 vibration confinement based on AVCC via SDCA approach. 

In this illustrative formulation, a collection of the displacement and 
acceleration fields, and their spatial partial derivatives, form an effective actuator 
feedback force expressed by equation (2). 



20 faM = k[u{x,t)] + 



" (2) 



at^ J 



where Z« andM^ are linear spatial differential operators represented by equations (3) 
and (4), for example. Such a selection of the feedback force is illustrated for the 
following cases in which amdjSare constants that control the rate, extent, and 
25 severity of confinement. For the remaining description of the invention, a and fi are 
referred to as proportionality constants or feedback gains. 
Flexural vibrations of a beam: 
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(3) 



In-plane vibrations of a membrane: 



(4) 



As it was pointed out. this approach, for confining vibrations in flexible stnictaies, 
consists of converting the extended mode shapes into exponentially decaying 

Unctions of the spatial coordinates by an appropriate selection of the feedback force, 
10 fa(x.t), in equations (1) and (2). Furthennore, it is possible to select the feedback 
forces so that the spatial confinement of vibrational energy works in tandem with 
time decaying functions as it is shown in the following general form. 



15 



20 



du{x,t) 



dt 



(5) 



It is possible to design the actuating force by utilizing the classical pole 
placement methods, such as using the Routh-Hurwitz criterion or the Lyapnov 
stabiUty technique, and applying them to the spatial domain. In particular, the 
proportionaKty constant coefBcients in equations (3) and (4), for example, must be 
properly selected in order to stabilize the spatial dynamics. The concept of spatial 
domain stabiUty is introduced as a concept similar to that of ti»e time domain 
stability. 
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To further clarify the Active Vibration Control by Confinement (AVCC) 
technique via SDCA, the concept is applied to the case of axial vibrations of a rod's 
normal modes (extended or non-localized) that are converted to exponentially 
decaying mode shapes. Either distributed or discrete feedback forces can achieve 
5 vibration confinement. 

The equation of motion of a unifomi rod with fixed ends is given in equation 
(6). Here E is the Young's modulus, A is the cross-sectional area, u{x,t) is the axial 
displacement, L is the length, p is the mass density of the rod, wdftJ[x,t) is a possible 
feedback force applied to tiie rod through a distributed PZT actuator, for example. 

0 

+ J-^ = [-J(^^ «(o.0 = «(l.r) = O (6) 



First, to determine the natural ficequencies and mode shapes of tiie rod, * 
consider the case when the feedback and disturbance forces are zero. The 
15 frequencies and mode shapes are represented by the following equation. 

■ + = 0, ^n=YJ7* ^nlv^^n^^—J • n = lA3... (7) 



Note that the normal modes, Un(x), are simple sine waves extended along the entire 
20 lengfli of flie rod (i.e., the modes are not localized). Currenfly in the field of active 
vibration control, it is assumed that natural modes of the rod, for example, are the 
extended sine waves (see the set of mode shapes displayed in Figures 7A-7C). It is 
suggested that if the modes are exponentially decayed, the active vibration control 
would be much more effective. 
25 Second, consider how localizing the mode shapes via the feedback force can 

exponentially confine the vibrational energy. For example, the case when the 
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feedback force is proportional to slope and displacement and the disturbance force is 
zero, as given by (8). 



f,{xj) = -^[^^ + . = 0 (8) 

Substituting (8) into (6), grouping the similar terms, and solving for the 
characteristic equation yields equation (9). 

+ {2a)A + [a^ + ^0)^^ = 0 :^ ;i = -a ± j^o) , j^-sTT (9) 



Assuming that the controllable parameter, ^ is a positive value and applying the 
zero boundary conditions, equation (9) leads to the unchanged natural frequencies 
and exponentially decaying mode shapes described by (10). 



= f ^ , f/.W =>„e--sin [^] , n = l,2,3,... 



(10) 



In this case, note that the natural frequencies of the original rod (uncontrolled rod) 
are preserved, but the mode shapes are altered for the purpose of vibration 
confinement. 

20 Figures 7 A-7C show non-dimensional mode sh^es of the non-controlled, 

and represent the non-confined normal vibration modes of the rod/beam with no 
feedback forces applied. Notice that the displacements for the first normal mode 
400 in Figure 7A and the third normal mode 404 in Figure 7C are symmetric about 
• then: centers 406 and 410, and the displacement of the second normal mode 402 in 

25 Rgure 7B is skew-symmetric about its center 408. In all cases, the elastic energy 
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Stored in both halves of the rod are equal. Note that the rod/beam length has been 
normalized to one. 

Figures 8A-8C illustrate mode shapes of a controlled (confined) rod when the 
controlling parameter a equals 0.5. The size of the confined region is determined by 

5 the spatial decay rate, a Also, note that the confinement illustrated in Figures 8A- 
8C IS near the left edge (x=0) of the rod and thus it is expected that the vibration 
response of the rod subjected to an external excitation would be confined in the same 
region for all times. 

Thus, fundamental results of one embodiment of the present invention are 

10 depicted in Figure 8A-8C. These plots represent the normalized axial (transverse) 
vibration mode shapes of a rod (beam) type.stracture. The data was derived in 
closed form for the case of a rod pmned at its two ends. Figures 8A-8C illustrate the 
confmement of vibration energy once the feedback forces are applied. In this case, 
the feedback forces have been set in order to confine the vibration energy to the left 

15 region of the rod. Figure 8A, Figure SB, and Figure 8C represent the first 420, 
second 422, and fourth 424 confined modes of the rod, respectively. For this 
example, no feedback forces proportional to the spatial derivatives of acceleration 
are included. As a result, the natural frequencies of the non-confined and confined 
modes are unchanged. It is clear from the figures that in all three modes, (1) the 

20 vibration energy has been redistributed to the left side of the rod, (2) the energy is 
confined to the region near the left end of the rod, and (3) that the vibration on the 
right hand side of the beam has been suppressed. 

Based on this illustrative example, the following should be noted: 
L The natural firequencies of the rod can also be altered by adding acceleration 

25 terms to the feedback force. 

2. If one wishes to confine vibrations near an arbitrary point instead of the point 
x=0, the origin should be first shifted, and then the feedback control force 
must be altered. 
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3. Vibrations can also be confined about N points (N > 1) by employing a 
feedback force with (2N-1) discontinuity and 2(2N-I) continuity conditions. 

4. The feedback force given by equation (8) has no dissipative term. The force 
can be modified to include energy dissipation terms, which result in 
simultaneous confinement and suppression of vibrational energy. 



Example 2 

In the following section, the distributed feedback force is replaced by a finite 
10 set of discrete forces, more practical for geometrically complex surfaces. 
Equation (1 1) represents the feedback force consisting of Na discrete forces. 



(11) 



15 Fi(t) is tiie jtii feedback force due to the jth actuator at the location Xi. r(x,t) is a 
residual fiinction characterizing the error resulting fi-om tiie replacement of die 
distributed feedback force by the discrete feedback forces. To determine FM and 
r(x.t), one should combine equations (2) and (11), as shown below. 



20 fSx,t) s Z,„[«(;c.r)] + 



= T.Pjit)^(^~Xj) + rix,t) (12) 



25 



Substituting flie expansion theorem (13) into (12) yields equation (14). Note that it 
is realistic to truncate the series solution (13) to a finite number of modes, N. As 
with aU active vibration control methods, active control of all modes is not practical. 



4x,t) = 'Lv„{t)U„ix) 



(13) 
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ijjln{^)La[Un{x)] + Vnit) M n{x)]] = |/jW^(^-^;) + M (14) 

Pre-multiplying both sides of equation (14) by G(x)M[U„i(x)] and integrating over 
5 the spatial domain, one obtains equation (15). 



ZJS'^^W + Im^^W = ^A,jFjit)S(x'^Xj) + R„{xj) (15) 

im\ sal /al 



where G(x) is a weighting function that needs to be selected for the structure and 
10 U„j[x) is the mth mode shape of the structure. The time independent coefficients and 
the time dependent R(t) are given below. Equation (IS) can be written in the matrix 
form as shown below. 



15 



[U„,{x)] L,lu„ix)]cix , = ioix) m[u„ (16) 
{x)] r{xj)dx , = g(xj) M[u„(xjy']^ , ; = 1.2,..JV, (17) 



[A]F + [R] = [K]?} + [Myj , [aY = [A, , A,Y 



(18) 



where subscripts c and r indicate the control and the residual na^odes. [AJ is NxNa, 
20 /Xyand /M/ are NxN, F is a A/;,jci vector, and [RJ and 77 are i\rjc7 vectors. Assuming 
that 77 can be obtained by employing a modal observer, such as a modal filter, the 
discrete actuator force vector, F, can be designed according to equation (19), and the 
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. quantitative measures of the residual vectore can also be detennined based on the 
same equation shown below. 



10 



15 
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Note that the existence of the inverse of /AJ depends on the location of the discrete 
actuators. For example, locating actuators at nodal points associated wifli the mode 
shapes is not allowed, as expected. 

Some of the issues that are important for demonstrating the practicaUty of the 
present invention are the effect of the confined modes on the actual response of the 
structure, the required actuating force and control effort (energy), control spillover, 
and the stability of the control system. As an example, it is assumed that the rod is' 
subjected to an impact at a location along its length. The impact is characterized by 
the resulting initial velocity. Vo, at the location, Xo, measmed fiom the left (x=0) of 
the rod, which is pmned at its two ends. In this case, the wei^ting function G(x) 
and the mode shapes are given by equation (20). The rod considered in this example 
has the following characteristics: Z^lOm, Vb=lm/s, Zo=lm, p=^600kgAn^ 
E=70Opa, A=10E-4in^ In this example, the goal is to confine vibrations to the left 



of the rod. 



(20) 



Figures 9A-9C illustrate the axial deflection of the non-controlled 500 
(dashed lines) and controlled 502 rod right after the impact, when the wave has 
reached the middle of the rod, and right before the wave reaches the other end. Note 
that die initial response of the controUed rod (with confined modes) is almost the 
same as the non-controlled rod (with non-confined modes), as expected, due to the 
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design of the contxol. However, the response of the controlled rod is much smaller 
than that of the non-controlled rod in regions away from the impact (x>lm, where 
vibrations were to be suppressed) 1 as shown in Rgures 9B and 9C. In both 
confined and non-confined cases, the damping factor is 0,1%, which is considered 

5 small damping. 

Figure 10 shows the total system energy for the non-controlled 510 (dashed 
line) and controlled 520 rod as a function of time. The total energy of the controlled 
rod is slightly more than the uncontrolled rod only when the wave is in the localized 
area 530, and is much less when the wave is in the suppressed area. However, the 

10 small amount of the additional energy is certainly within the practical range. 

The above-described approach can be extended to structures such as beamis, 
plates, and shells. The rod model, used as the discussed example, bas a closed form 
solution and is simple enough to be presented here. However, in the case of a beam, 
plate, or cylindrical shell there is no closed form solution, and thus a discrete model 

15 should be utilized. 

While the above described invention was illustrated as embodied in the 
context of controlling structural and machinery vibrations by confinement, it is not 
intended to be limited to the details shown, since various modifications and 
structural changes may be made without departing from the spirit of the presented 

20 invention. 

It is an objective of the present invention to provide a method for actively 
controlling, in an efficient and effective manner, the distribution of vibrational 
energy throughout a structure or machine. This objective may be applied for the 
purposes ofboth vibration suppression and vibration amplification. It is another 
25 objective of the described invention to provide a way to adjust the location and 

degree of vibration confiriement or suppression. It is further an objective to provide 
a way for adjusting the natural firequencies of a structure in order to extend the useful 
frequency range of both the structure or machine, and the vibration control system. 
Additionally, it is an objective of the current invention to provide a solution for the 
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optimal selection and implementation of system sensore and actuators for the 
monitoring and controlling of normal and confined modes of vibration: 

The above-described embodiments utilize sensors to detect vibration 
conditions. These sensors can are not limited to any particular type of sensor and 
5 can include Piezoelectric, Micio-machined element, Laser, and Optical Fiber 
sensors. 

Piezoelectric technology is commonly and widely used in vibration and 
shoclc sensors. Li particular, they are often used in accelerometers, force sensors, 
and pressure sensors. Piezoelectric devices can also be used for velocity and 
10 displacement sensors. 

In recent years, micro-machined sensors have made tremendous advances in 
terms of technology and cost effectiveness. Combined witii capacitive technology, 
this advance technology provided a low cost, very low frequency range (from DC- 
ftequency). The technology for measuring the mass displacement is flie electrical 
property of capacitance. Placing two metal plates in parallel forms a capacitor, and 
the capacitive property is proportional to displacement between two plates. 

The micro-machined element with capacitive property is usually applied in 
accelerometer. Capacitive technology is widely used in very low frequency vibration 
and shock accelerometer. These sensors are powered with a DC supply. The sensor 
has limited high frequency measuring range. Capacitance sensing has the potential 
to provide a wider temperature range, without compensation because of the low 
tiiennal coefScient of expansion of materials. This technology can provide both 
digital and analog sensing signal. Mounting method of tiiis sensor is also tiie same 
as piezoelectric technology. 

Lasers have been used for a long time in manufacturing and in the laboratory 
for vibration sensing. A laser can provide a non-contact measurement for minute 
vibration. This technology is not only used for analyzing material deformation, and 
imaging vibration modes. It is also applied to vibrometers. 



15 
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For measuring vibration, a laser beam is divided into a reference and signal. 
The signal beam is directed into a vibrating structure, and a back-reflected beam is 
combined with the reference beam. The difference between the reference and signal 
beam changes when the structure moves. This results in the intensity modulation of 

5 the recombined beam. Therefore, the frequency (Fa) of intensity modulation 
corresponding with a surface velocity (v) is given by Fa = 2v/wavelength, To 
analyze the recombined beam, it is split between two independent detection channels 
configured so that the two signals obtained are phase shifted, depending on the 
motion of the structure. Electronic mixing of fliese signals with a carrier frequency 

10 is used to derive a single, frequency shifted Doppler signal, which is then converted 
to analog voltage, dkectly proportional to the instantaneous velocity of the moving 
surface. 

In vibration monitoring, optical fiber can be performed as a strsun sensor or 

an accelerometer. A fiber optic accelerometer uses a microbend fiber optic intensity 

15 sensor. The microbend displacement sensor measures the force required to 

accelerate a mass. The mass is mounted on a thin, wide beam and contains 

. corrugations on its lower surface. The base of accelerometer contains mating 

configurations and a support for the beam. A fiber is clamped between the two sets 

of corragations. Accelerations of the base cause a relative motion between the mass 

20 and the base, resulting in miciobending and intensity modulation of the optical 

power in the fiber. That corresponds to the acceleration. 

A fiber optic strain sensor can be approached in two different ways. In the first 

method, like a proximity sensor, light is emitted fix)m transmitting fibers to an 

interested surface and back to receiving fibers. The distance to the surface is related 
* 

25 to the amount of light intensity in the receiving fiber. In the second method, a 

section of the fibers is attached to an interested surface, causing the fiber to have the 
same movement as the structure. This movement is causing microbending in the 
fiber, resulting in intensity modulation. That corresponds to the motion of the 
surface. 
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The embodiments described above use actuators that can include 
Piezoelectric, Shape memory alloy, Electromagnetic Fluid and an Electrical Motor. 
Piezoelectric technology is not only used in sensors but also applied as an actuator in 
active vibration control The piezoelectric effect is used when operating as a sensor. 
5 For the actuator, the inverse effect is used. Piezoelectric materials can be used to 
convert electrical energy into mechanical energy and vice versa. Piezoelectric 
technology is widely used in precise motion (nanoscale) because of its many useful 
properties such as repeatability in high frequency, wide load range, and no 
maintenance. Lead zkconate titanate (PZT) based ceramic materials are the most 
10 often used. There are some basic designs for PZT actuators; stack design, laminar 
design, tube design, and bender type design. 

In a stack design, the actuator consists of a stack of ceramic disks separated 
by thin metallic electrodes. Maximum operating voltage is proportional to the 
thickness of the disks. Stack design actuators can withstand high pressure and have 
15 the highest stif&iess of all piezoelectric design actuators. Spring preloaded actuators 
are considered because ceramics cannot withstand large pulling forces. This design 
can be used for static and dynamic operation. 

In a laminar design, the actuator consists of thin ceramic strips. The 
displacement of these actuators is perpendicular to the direction of polarization and 
20 the electric field. The maximum travel is a function of the length of the strips, and 
the number of parallel strips determines the stiffness and stability of the element 

In a tube design, the actuators operate on the transversal piezoelectric effect. 
When a voltage is applied between the outer and inner diameter, the tube contracts 
axially and radially. When the outside electrode of the tube is separated into four 
25 segments, different drive voltages lead to bending of one end. 

In a bender-type design, the actuators operate sinailarly to a bimetallic strip in 
thennostats. When the ceramic is energized, the metal substrate is deflected with a 
motion proportional to the applied voltage. 

Shape memory alloy technology is one of the newest technologies that can be 
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applied for low frequency active vibration control. Shape Memory Alloys (SMA's) 
are materials that have an ability to return to their original shapes. When an SMA is 
below its transformation temperature, it has very low yield strength and can be easily 
deformed into a new shape (which it will retain). However, when an SMA is heated 
5 above its transformation temperature, it will return to the original shape. If the SMA 
encounters any resistance during this transformation, it can generate extremely large 
forces. The most common and useful shape memory materials is Nickel-titanium 
alloy called Nitinol (Nickel Titanium Naval Ordnance Laboratory). 

Electronoagnetic fluid is also not a real active actuator but can be used for 

10 adjusting a parameter of systems to get the desired performance. Electromagnetic 
fluids are essentially suspensions of micron-sized, magnetic particles in oil. Under a 
normal condition, an electromagnetic fluid is a free-flowing liquid with similar 
properties to normal oil. When a magnetic field is applied, this fluid transforms into 
a near-solid state in miUiseconds. The fluid can be quickly returned to its liquid 

15 state when the magnetic field is removed. The degree of change in an 

electromagnetic fluid is proportional to the magnitude of the magnetic field. 

The properties of controllable fluid depend on concentration and density of 
particles, particle size and shape distribution, properties of carrier fluid, additional 
additives, applied field, and temper. In a valve mode with fixed magnetic poles, the 

20 system might be considered for hydraulic controls, dampers and shock absorbers. 
The fluids flow through a small gap that the magnetic field is applied. In a direct 
shear mode with a moving pole, the system may be proper for clutches and brakes, 
dampers, and structural composites. In a squeeze film mode, the system would be 
suitable for small motion control and high force applications. It also can be 

25 configured for axial or rotary operation. 

Electrical motor technology is widely used in manufacturing and the 
laboratory. For active vibration control, electrical motor has been a choice because 
of its flexibility and variety of products in the market There are many developments 
in electrical motor technology to make them more efficient, have lower power 
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consumption, higher torque, lower cost and variety applications. Many commercial 
products of electrical motor can be applied for active vibration control such as linear 
actuator and active isolation fittings. 

Conclusion 

An active vibration energy management system has been described that can 
be used to manage vibration in a member. Sensors are coupled to the member to 
obtain a member response to vibrations. ITiese sensors can be non-contacting, 
contacting or embedded with fee member. A signal processor is coupled to the 
sensors to wctract memba: displacements, temporal derivatives of the displacement 
and spatial derivatives of diq)lacement. Actuators are coupled to the member to 
^ply feedback forces in response to the signal processor to confine or redirect 
vibration energy to one or more predetermined mmafaer regions. As such, a member 
can be actively managed to confine vibrations to a specific are of the member. 
Furtiier, the vibrations can be managed to protect specific areas of the member. 

Altiiough specific embodiments have been illustrated and described herein, it 
will be appreciated by those of ordinary skill in the art that any arrangement, which 
is calculated to achieve the same purpose, may be substituted for tiie specific 
embodiment shown. This application is intended to cover any adaptations or 
variations of tiie present invention. Therefore, it is manifesfly intended that tiiis 
invention be limited only by the claims and tiie equivalents tiiereof. 



BNSOOCID: <WO_0242SS4A2LIA> 



wo 02/042854 



PCT/USOl/45502 



29 

CLAIMS 

What is claimed is: 

1. An active vibration energy management system comprising: 
a member; 

sensors coupled to the member to obtain a member response to vibrations; 

a signal processor coupled to the sensors to extract member displacements, 
temporal derivatives of the displacement and spatial derivatives of displacement; and 

actuators coupled to the member to apply feedback forces in response to the 
signal processor to confine or redirect vibration energy to one or more predetermined 
member regions. 

2 The active vibration energy management system of claim 1 wherein the 
signal processor controls the feedback forces applied by the actuators such that the 
feedback forces are proportional to the spatial derivatives of the displacement 

3. The active vibration energy management system of claim^l wherein the 
signal processor adjusts the member region of confinement by controlling the 
feedback forces applied by the actuators. 

4. The active vibration energy management system of claim 1 wherein the 
signal processor controls a number of confinement regions of the member by 
controlling the feedback forces applied by the actuators. 

5. The active vibration energy management system of claim 1 wherein the 
signal processor controls confined-mode natural frequencies of the member by 
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controlling the feedback forces applied by the actuators proportional to the spatial 
derivatives of the acceleration. 

6. The active vibration energy management system of claim 1 wherein the 
member comprises a beam or rod. 

7. The active vibration energy management system of claim 1 wherein the 
member comprises a stmcture shell or skm. 

8. The active vibration energy management system of claim 1 wherein the 
member comprises a substantially plainer structure. 

9. The active vibration energy management system of claim 1 wherein the 
sensors are distributed on a surface of the member. 

10. The active vibration energy management system of claim 1 wherein the 
sensors are distributed throughout the member. 

11. The active vibration energy management system of claim 1 wherein the 
actuators are distributed on a surface of the member. 

12. The active vibration energy management system of claim 1 wherem the 
actuators are distributed throughout the member. 

13. An active vibration energy management system comprising: 

a member comprising one or more structures selected from a group 
comprising a rod, a plate, or a shell; 

distributed sensors coupled to the member; 
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a signal processor coupled to the sensors to determine displacements of the 
member, temporal derivatives of the displacement of the member and spatial 
derivatives of accelerations of the member, and 

distributed iactuators coupled to the member to apply feedback forces in 
response to the signal processor to confine or redirect vibration energy to one or 
more predetermined member regions, wherein the signal processor controls the 
feedback forces applied by the actuators such that the feedback forces are 
proportional to the spatial derivatives of the displacement 

14. The active vibration energy management system of claim 13 wherein the 
sensors are distributed throughout the member. 

15. An active ^ -. i ration energy management system comprising: 

a member comprising one or more structures selected from a group 
comprising a rod, a plate, or a shell; 

distributed sensors coupled to the member, 

a signal processor coupled to the sensors to determine displacements of the 
member, temporal derivatives of the displacement of the member and spatial 
derivatives of accelerations of the member; and 

distributed actuators coupled to the member to apply feedback forces in 
response to the signal processor to confine or redirect vibration energy to one or 
more predetermmed member regions, wherein the signal processor adjusts the 
member region of confinement by controlling the feedback forces applied by the 
actuators. 

16. An active vibration energy management system comprising: 

a member comprising one or more stractures selected fijom a group 
comprising a rod, a plate, or a shell; 

distributed sensors coupled to the member, 
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a signal processor coupled to the sensors to determine displacements of the 
member, temporal derivatives of the displacement of the member and spatial 
derivatives of accelerations of the member, and 

distributed actuators coupled to the member to apply feedback forces in 
response to the signal processor to confine or redirect vibration energy to one or 
more, predetermined member regions^ wherein the signal processor controls the 
feedback forces applied by the actuators such that the feedback forces are 
proportional to the spatial derivatives of the displacement 

14. The active vibration energy management system of claim 13 wherein the 
sensors are distributed throughout the member. 

15. An active vr: >:-ation energy management system comprising: 

a member comprising one or more stractures selected from a group 
comprising a rod, a plate, or a shell; 

distributed sensors coupled to the member; 

a signal processor coupled to the sensors to determine displacements of the 
member, temporal derivatives of the displacement of the member and spatial 
derivatives of accelerations of the member; and 

distributed actuators coupled to the member to apply feedback forces in 
response to the signal processor to confine or redirect vibration energy to one or 
more predetermined member regions, wherein the signal processor adjusts the 
member region of confinement by controlling the feedback forces applied by the 
actuators. 

16. An active vibration energy management system comprising: 

a member comprising one or more structures selected from a group 
comprising a rod, a plate, or a shell; 

distributed sensors coupled to the member; 
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a signal processor coupled to the sensors to determine displacements of the 
member, temporal derivatives of the displacement of the member and spatial 
derivatives of accelerations of the member; and 

distributed actuators coupled to the member to apply feedback forces in 
response to the signal processor to confine or redirect vibration energy to one or 
more predetermined member regions, wherein the signal processor controls a 
number of confinement regions of the member by controlling the feedback forces 
applied by the actuators. 

17. A method for suppressing, isolating, absorbing, redirecting, or controlling 
vibrations in a system comprising: 

obtaining a current system response to the vibrations; 
determining system displacements and their temporal and spatial derivatives; 
applying feedback forces to actuators coupled to the system to confine or 
redirect vibration energy to one or more predetermined system regions. 

18. The method of claim 17 further comprises adjusting a degree of confinement 
of the system by controlling the feedback forces proportional to the spatial 
derivatives of the displacement. 

19. Tlie method of claim 17 further comprises adjusting the predetermined 
system regions by controlling the feedback forces. 

20. The method of claim 17 further comprises adjusting a number of 
predetermined system regions by controlling the feedback forces. 

21. The method of claim 17 further comprises adjusting confined-mode natural 
frequencies of the system by controlling the feedback forces proportional to the 
spatial derivatives of the accelerations. 
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